We report the design of 12-LP-mode (21-spatial-mode) fiber with a low differential mode group delay (DMGD), a large effective area, and a low bending loss that is adapted to a mode-division-multiplexing system over the C+L band. Based on the designed fiber parameters, we characterize the few-mode fiber (FMF) with the DMGD, an effective area, and a bending loss. Over the C+L band, the maximum DMGD is 0.106 ps/m, and the effective area is in the range of 150∼485 μm 2 . The bending loss of the designed FMF reduces to zero when the bending radius is greater than 9 mm, and the DMGD is below 0.0413 ps/m at the wavelength of 1550 nm.
Introduction
With the booming development of emerging businesses and applications such as cloud computing and Internet of things, the growth of network broadband demand is accelerating in recent years. With the fast evolution of high-speed optical fiber communication, it is generally believed that the channel capacity of single-mode fibers (SMFs) is approaching its limit due to fiber nonlinearity and Shannon limit. Recently, space-division multiplexing (SDM) has attracted much attention to break through the limit of channel capacity of SMFs [1] , [2] . SDM includes multi-core multiplexing (MCM) [3] and mode-division multiplexing (MDM) [4] . MCM utilizes multiple cores to transmit in one fiber, and MDM utilizes linear polarization (LP) modes to transmit simultaneously in one core. For MDM system, the increase of channel capacity is proportional to the number of modes guided by the FMFs. And in the strongly coupled regime, transfer matrix satisfies unitary matrix under the condition that the mode dependent loss can be ignored. At the receiver, the multiple-input-multiple-output (MIMO) technology is utilized for signal equalization [5] . MIMO technology can deal with the mode coupling, but more complex digital signal processing techniques are required. To summarize, it is desirable to minimize DMGD and increase effective area in order to reduce computation complexity and nonlinear effect in MDM system [6] .
FMFs that support 2 LP modes [7] , [8] , 4 LP modes [9] , 6 LP modes [10] - [12] and 9 LP modes [13] , [14] , have been reported. The 2-LP-mode FMF supporting LP 01 and LP 11 modes with DMGD below 0.1 ps/m, and effective area over 95 μm 2 , has been proposed [7] . The 4-LP-mode FMF with DMGD of less than 0.135 ps/m over the C+L band has been designed [9] . The 6-LP-mode FMF with low DMGD (less than 0.085 ps/m at 1550 nm) and large effective area (from 126 μm 2 to 274 μm 2 ) has been presented [11] . The 9-LP-mode FMF with low attenuations (<0.22 dB/km), large effective area (from 104 to 311 μm 2 ) and low DMGD (<0.155 ps/m) were obtained at 1550 nm [13] . However, the more modes supported by FMF, the more difficult the DMGD is to be optimized to an acceptable value, which is a great challenge for the design of low-DMGD FMF.
In this paper, we design a 12-LP-mode (21-spatial-mode) FMF with low DMGD (<0.106 ps/m), large effective area (>150 μm 2 ) and low bending loss over the C+L band. Compared with SMF, the channel capacity of the designed FMF will increase more than 10 times. At the wavelength of 1550 nm, DMGD of the designed FMF is <0.0413 ps/m. Compared with the 9-LP-mode FMF [13] , the channel capacity is improved, but the computation complexity is not increased in theory, which is of great significance for MDM system. This paper is organized as follows. Section 2 introduces the design of 12-LP-mode (21-spatial-mode) FMF with low DMGD, low bending loss and large effective area. In Section 3, the principle and results of DMGD, dispersion, effective area and bending loss of all guided modes are presented, respectively. Finally, conclusions of the paper are drawn in Section 4.
Design
The electric fields of higher order modes begin to partially spread to the cladding which is the main reason for the DMGD growth of FMF with a large amount of modes. To effectively control and reduce DMGD, the fields of the higher order modes must be better constrained in an auxiliary structure. Therefore, FMF that supports up to 12 LP modes (as shown in Fig. 1 ) is designed with a gradually refractive index core aided by cladding trench. Geometry and parameter definitions of the designed FMF are shown in Fig. 2(a) . The cross section of the designed FMF is divided into four parts, including core, inner cladding, trench and cladding. The refraction index profile of the designed FMF is shown in Fig. 2 
(b).
The refractive index profile is described as follows:
where n is the refractive index as a function of the radial distance r from the core center. And n CO is the refractive index at r = 0. n CL is the cladding refractive index. Parameter α determines the shape of the refractive index distribution. The refractive index difference n is defined as: n = (n(r ) − n CL )/n(r ). n CO is n at r = 0 and n TR is n at the trench. R CO is the core radius and should be as large as possible in order to reduce the nonlinear coefficients for all guided modes. Therefore, the core radius for the designed FMF, R CO = 22 μm, was considered. In order to determine n CO , we calculated the maximum value of the normalized frequency V that supports 12 LP modes for α = 2. According to the normalized frequency V, the refractive index n CO = 1.46 and n CL = 1.444 at the wavelength of 1550 nm for the designed FMF. The material of inner cladding and cladding are SiO 2 and the material of core is SiO 2 doped with 11% GeO 2 . The diameter of FMF is designed to be the same as the standard SMF which is 125 μm. Since DMGD is minimum when α is around 2, the range of α is selected as 1.9 ࣘ α ࣘ 2.1. When the trench is far away from the core, the trench has less or none effect to LP modes. Therefore, the range of R I C is selected to be R CO < R I C ≤ 1.5R CO . The value of n TR is higher than −0.0045 and the width of the trench is less than or equal to R CO [15] . Otherwise, it would be difficult and expensive to fabricate. The wavelength is studied over the C+L band, so the range of wavelength varies from 1530 nm to 1625 nm. To sum up, the search range of structural parameters of FMF is
Simulation of the designed FMF utilizes COMSOL Multiphysics simulation software based on full vector finite element analysis. The parameters of the designed FMF are showed in Table 1 . 
Results
The differential mode group delay, dispersion, effective area and bending loss are the most concerned parameters in designing low-DMGD FMF. Next, we will analyze these parameters over the C+L band.
Differential Mode Group Delay (DMGD) and Dispersion
The group delay (GD) of any propagating mode in FMF is given by [16] ,
where z represents transmission distance and V g represents group velocity, β is the propagation constant and ω is the angular frequency. c is the speed of light in vacuum, λ is the wavelength and n eff is the effective refraction index. Therefore, the DMGD between LP mn mode and LP 01 mode is given by,
In what follows, we analyze the DMGD between LP mn mode and LP 01 mode of the designed FMF. The DMGDs of all guided LP modes are plotted as a linear function of wavelength over the C+L band in Fig. 3. From Fig. 3 , we find that the DMGDs of all guided LP modes increase as the wavelength increases and through the zero point. The DMGDs of all guided LP modes range from 0 to 0.106 ps/m over the C+L band. Because the complexity of digital signal processing is determined by the maximum DMGD, Fig. 4 shows how Max|DMGD| varies with wavelength. As can be seen from Fig. 4 , the maximum DMGD occurs at the wavelength of 1625 nm, which is 0.106 ps/m. And the minimum DMGD is 0.016 ps/m and appears at the wavelength of 1570 nm.
The dispersion D is given by [16] :
where β 2 represents group velocity dispersion parameter. Fig. 5 illustrates the relationship between dispersion of all guided LP modes and wavelength, and we can find that the dispersion curves rise linearly from 16.5 to 24.5 ps/km/nm as wavelength increases. 
Effective Area
Since the large effective area can effectively reduce the nonlinear effect, the effective area is an important characteristic parameter to the FMF. The expression for the effective area A eff is given by,
where I (x, y) is the intensity distribution of mode field. According to Eq. (6) and the mode field distribution of the guided LP mode, A eff can be calculated. The A eff of the guided LP modes as a function of wavelength are showed in Fig. 6 over C+L band. The wavelength we selected over the C+L band ranged from 1530 nm to 1620 nm spacing10 nm. It can be seen from Fig. 6 that the A eff increases with the wavelength longer, which is mainly because the bound capability of the fiber on electric fields decreases due to the increase of wavelength. In Fig. 6 Fig. 6 verifies that the designed FMF realizes large effective area. 
Bending Loss
In the practical circumstance, bending loss is a characteristic parameter that we must take into account. In this paper, bending loss is calculated by the beam propagation method (BPM). We utilize the method of modifying the refractive index distribution to convert the bent fiber into the equivalent straight fiber. The refractive index function n' of the equivalent straight fiber is given by [17] :
where n' and n are the refractive index distribution of the equivalent straight fiber and the bent fiber in cross section, respectively. R eff represents the equivalent bend radius, R is bend radius, υ is Poisson's ratio, and P 11 , P 12 are components of the photo-elastic tensor. For silica fiber, R eff ≈ 1.28R [18] . The propagation constants and the effective indices of LP modes are calculated by COMSOL with perfect matching layer. The imaginary part of the effective refractive index is related to the bending loss, and is given by [19] Table 2 shows the bending loss of the designed FMF at the wavelength of 1550 nm. In the table, "\" represents no loss of the mode, while "×" indicates that the mode does not exist in the FMF. From Table 2 , we can see that when the bending radius is greater than 9 mm, the guided modes are almost lossless. Fig. 7 shows the relationship between the bending loss of the highest order mode group (LP 51 , LP 32 and LP 13 ) and wavelength at the bending radius of 9 mm. It can found that the bending losses increase with the increase of wavelength over C+L band due to the the diffusion of the mode electric field.
Next, we will analyze the characteristic parameters of the designed FMF at the wavelength of 1550 nm. The DMGDs, the refractive index differences of the cladding, dispersion and effective areas of all guided LP modes are shown in Table 3 . The maximum DMGD is 0.0413 ps/m (41.3 ps/km). The A eff of LP 01 mode is 150 μm 2 . The FMF which supports more than 10 LP modes with low DMGD, large effective area and low bending loss is realized. 
Conclusion
In this paper, we have designed a low-DMGD, large-effective-area and low-bending-loss FMF that supports up to 6 mode groups (12 LP modes, 21 spatial modes) over the C+L band. Compared to previous designs, the FMF we designed has a graded-index core with larger radius and a cladding with a trench. In this structure, the designed FMF can reduce DMGD and the bending sensitivity, which is beneficial for DMGD compensation and MIMO processing in MDM system. Based on the designed fiber parameters, we characterized the DMGD, dispersion and effective area of the designed FMF over the C+L band. The maximum DMGD is 0.106 ps/m, the dispersion is in the range of 16.5 to 24.5 ps/km/nm, and the effective area is in the range of 150∼485 μm 2 over the C+L band. Next, we utilized BPM to calculate bending loss and analyzed the characteristic parameters of all guided modes of the FMF at the wavelength of 1550 nm. When the bending radius is greater than 9 mm, the guided modes of the designed FMF are lossless, and the maximum DMGD is 0.0413 ps/m. The typical fabrication tolerance for n CO and n TR is ±0.0001, for α is ±0.01, for R CO , R I C , R TR and R CL is ± 0.25 μm [15] . The Max|DMGD| = 0.134 ps/m was obtained. The typical fabrication tolerance leads to the optimal Max|DMGD| deviation of 0.028 ps/m.
